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PREFACE 
A decision to construct a powerhouse or substation as an addition 
to a power system immediately calls for an answer to several questions 
which affect the cost and design of the structure. Some of these questions 
are: 
1. What circuit breaker capacity is necessary to adequately protect 
this installation? 
2 .  What rating should the current transformers have to prevent 
saturation during subjection to maximum fault currents? 
3. What size insulators and weight of bus structure are necessary 
to provide sufficient strength to withstand ice, wind, and 
short-circuit stresses? 
These questions can be answered only when the magnitude of the maximum 
fault current is kno'Wil. 
It was for the determination of these fault currents at points along 
the Norris-�eler, 154 KV transmission line and to facilitate their com-
putation on future radial feeders extending from this line that this 
thesis was prepared. A brief discussion of the theoretical basis of the 
computations and methods of application of the results is included in 
order to qualify the results presented. 
The determination of maximum fault currents in a power system neces-
sitates complete information of the system generating capacity, generator 
impedance values, transformer bank capacities and impedances, and finally, 
the transmission line characteristics. This information for the south-
eastern interconnected power system has been compiled and is presented 
ii 
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in thi s the sis in the form o f  charts, diagrams, and tabul ations . These 
constants sho uld be of great value for future studie s,  e specially in such 
cases Where s ystem reductions worked up for this the sis can be used. 
Sy stem reductions to various points are indicated, although mo st of the 
actual comp utations have been omitted due to the great le ngth and maze 
of figure s involved. 
Unbalanced faults were solved by the method kno 'W!l as "Symm.etrica.l 
C ompo nents" which was fir st developed by Dr. c. L .  Forte scue in 1918. 
Li beral use has bee n made for this thesis of the r ecentl y publi shed text 
on 11Symmetrical C ompo nenta11 written by Mr. C .  F. "lfagner and Mr. H. D. Evans 
of the Westingho use Electric and Manufacturi ng Com�. 
The author wishes to acknowle dge information furni shed by Mr. c. F. 
Wagner o f  the ·nestingho use Electric and Manufacturi ng Company, and al so 
information made available by the Tennessee Val le y Authori t,y  through 
their files and through a report on a "TVA Stabili t,y Study" made for the 
Te nne ssee Va.lley Authorit,y by the Jackson and Moreland Engineer s of 
Bo sto n, Massachusetts . 
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SHORT-CIRCUIT STUDY OF NORRIS-�ELER TRANSMISSION LINE 
CHAPTER I 
RESULTS OF STUDY 
The short-circuit study of the Norris-�eler transmission line as 
presented in thi s thesi s was conducted on the basis of several simplifying 
assumptions which do not appreciably affect the accuraa,y of the work. 
The se assumptions, which greatly facilitate a mathemati cal solution and, 
in fact, make a mathematical solution pos sible from a practical stand­
point, are those which are normally employed when use i s  made of a direct­
current calculating board . Most of these assumptions, as can be noticed 
from the following tabulation, tend to increase the calculated short-cir­
cuit currents over their actual value, thus keeping the re sults on the 
safe side as far as the purpose for which they are to be used i s  concerned. 
1. The system i s  fully loaded--that i s ,  all available generating 
capacity is on the line . 
2. All of the generated e.m.f s .  are of equal magnitude and in phase . 
3.  All of the re si stances of the ciroui t are neglected, only the 
reactance of the impedance s being used . 
4.  All of the shunt-impedance branches, such as the equivalent cir­
cuits for representing magnetizing currents of transformers and 
charging currents of transmission line s, as 'Well as equivalent im­
pedance branches representing normal loads, are neglected. 
5 .  The mutual impedance between lines is  neglected. 
6. The fault re si stance i s  negligible . 
7 .  The TVA system interconnections will be as shown in Fig. l6a, 
1 
2 
and Fig.  16b, included in the appendix.  
The results obtained from this stuqy are presented in a series of 
charts and diagrams, these forms being thought preferable to tabulated 
data since they present comparisons and relative values much more clearly 
although not quite as accurately as would tabulated information. Follow­
ing is an explanation of the content and suggested use of each of these 
charts and diagrams .  
Fig.  1 .  This series of curves presents the values of reactance for 
various types of fault plotted against miles from Wheeler . The reactances 
are expressed as a percentage on 200,000 kv-a.  and also on 100,000 kv-a. 
bases . The indicated reactances are based on the s,y.mmetrioal component 
method of short-circuit computation and o.onsist, for the various types of 
faults, of the following component reactances, each reduced to the fault 
point in questi?n· 
For : a. Three phase fault--positive sequence reactance only . 
b .  Phase-to-phase fault--sum of positive and negative 
sequence reactances. 
c .  Single phase-to-ground fault--sum of positive , negative , 
and zero sequence reactances. 
d.  Two phase-to-ground fault--sum of positive and parallel 
equivalent of negative and zero sequence reactances. 
These curves were constructed so that either initial short-circuit currents 
or short-circuit currents after a definite interval of time could be ob­
tained for faults on the Norris-�eler line or for faults on radial 
feeders .  For faults on the main line , the reactance values obtained fram 
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Fig . 1 can be used directly with the decrement curves to obtain current 
value s .  For faults on radial feeder s, the reactance values of the feeder 
must be added to the �stem reactance as obtained from Fig. 1 for the 
point where the radial feeder taps onto the main line , and the total re­
actance then referred to the short-cir cuit decrement curves, Figs .  2 and 3 .  
The reactances must be on the same kv-a .  base, and proper sequence feeder 
reactance s must be used for the type of fault being considered. Examples 
of such computations are given in the included discus sion of "Cir cuit 
Breaker Application. "  
The short-circuit decrement curve s,  Figs.  2 and 3, were included for 
convenience in obtaining short-circuit currents after definite intervals 
of time . As indicated on the figure s, the se curve s were plotted from 
We stinghouse Electric and Manufacturing Company data prepared by c. F.  Wagner 
of that company . Discretion must be used in applying the se curve s .  A dis­
cussion of their limitations and method of use i s  given under "Theoretical 
Basis for Computations ."  
Fig . 4 .  The curve s of Fig.  4 show the maximum initial asymmetrical 
fault currents for the various type s of faults plotted against mile s from 
Wheeler . A knowledge of the magnitude of the se currents is of value in 
the selection of current transformer s and in the de sign of bus structure s.  
The current trans�ormer s must have sufficient core to prevent saturation 
during the se maximum conditions e specially if they excite relay apparatus.  
A discussion of the effect of fault currents on bus structure s i s  pre sented 
in a separate chapter of this the sis . 
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produces the highest line currents at all points except points within five 
miles of Wheeler. Within this distance th& two pha.ae-to-ground and the 
single phase-to-ground faults each give higher line current values than 
the three phase fault. This is due to the fact that no neutral reactor 
is, at present, used in the transformer bank at Wheeler. However, such a 
reactor is planned when future units are instal led. This will bring the 
single aDd doUble line-to-ground fault currents considerably under the 
three phase value. 
Fig. 5.  The curves o f  Fig. 5 present a breakdown o f  the curves of 
Fig. 4. On this sheet are shown the maximum initial asymmetrical line 
currents flowing from each end of the line for faults at various distances 
from Wheeler. There is a lso included on this sheet a tabulation which 
shows the distribution of the current at each end of tne line, expressing 
the magnitude of the current from each source as a percentage of the total 
current feeding from that end of the line. 
The information presented in Fig. 5 substantiates the previous state­
ment that the high value of the single and double phase-to-ground fault 
ourrents is due to the solidly grounded neutral of the Wheeler transformer 
bank. It is evident from these curves that these fault currents have 
higher values than three phase fault currents only when considering the 
current from the Wheeler end of the line for a fault close to the Yfueeler 
bus. The tabulation indicates that for single and double phase-to-ground 
faults, the percentage of this current that actually comes from the �eler 
IUbstation is greater for these faults than for the other types of faults. 
These curves should be of particular value in determining the proper 
10 
settings for relays . Another use of these curves and tabulated data is 
as a guide in selecting a proper kv-a . base for use with the standard 
short-circuit decrement curves .  This use is explained and illustrated in 
the discussion of "Theoretical Basis for Computations ." 
Fig.  16. These drawings, included in the appendix, are single line 
diagrams of the interconnected power systems of this region. They con­
tain the positive, negative, and zero sequence transformer and transmission 
line constants. The re sults shown on Figs . 1, 4, and 5 ware obtained b,y 
reducing this system. These diagrams and the tabulated data on generator 
constants that are included in the appendix should be of considerable 
value for similar studies on other parts of the system . 
Fig . 19. This drawing, included in the appendix, gives system reduc­
tion constants for the positive, negative, and zero sequences. Reductions 
are indicated to various points where generating capacities and intercon­
nections may be increased in the future . When such additions are made, 
considerable time and effort can be saved by using these reductions with 
the new system constants. It is evident that such a procedure 'WOUld elimi­
nate the nece ssity of reducing the complete system for future studies. 
CHAPTER II 
THEORETICAL BASIS FOR COMPUTATIONS 
S,ymmetrical Components. 
The method of �trical components has been found to be the only 
practical method of solution of unbalanced electrical circuit problems. 
The fundamentals of this method are quite simple , yet are very po"Rertul 
as an analytical tool . This simplicity lies in the fact that, although 
this method requires the resolution of three vectors into nine vectors, 
the re solution results in three B,ymmetrioal systems, each of which can be 
treated as a balanced polyphase s.ystem and solved b,y reducing the constants 
and voltages to per phase values and solving on a single phase basis. Of 
fundamental importance is the fact that, in synmetrioal circuits, the our­
rents and voltages of the different sequences do not rea� upon each other; 
currents of each sequence producing only voltage drops of their particular 
sequence . 
The three &y11Dll6trical systems are know.n as the positive , negative , and 
zero-sequence s.ystems, each of which is illustrated b,y vectors in Fig. 6. 
The positive-sequence system is composed of the vectors Eal• �1• and E01, 
which are of equal magnitude and are displaced 120 degrees relative to 
each other , the sequence of maxima occurring in the order a b c. The ne­
gative-sequence system is composed of the vectors Ea.2, �2• and Ec2• which 
are also of equal magnitude and are displaced 120 degrees relative to each 
other, although in this case the sequence of maxima occurs in the order 
a c b. The zero-sequence s.ystem is composed of the ve ctors Eao• E,0, 




a . b. c . 
Fig. 6.--8,y.mmetrica1 vector �stems .  
Particular note should be taken of the subscripts which have become stand-
ardized, 1 indicating positive sequence , 2 negative sequence , and 0 zero 
sequence values. 
Since each �stem acts independently, there are consequently definite 
impedance constants for each system. The exact method of determining the 
positive , negative , and zero-sequence impedances for transmission lines, 
transformers, rotating machinery, etc . ,  is not included in this thesis. 
For such details the bibliographical references should be consulted. 
The total voltage , or current, of � phase is equal to the sum of 
the corre sponding sequence components in that phase. Therefore , the re-
lation between the three phase vectors (Ea, Eb, and E0) and the correspond-
ing sequence vectors can be expressed as 
Ea = Eao + Eal + Ea2 (1) 
Eb : Ebo + Ebl + Eb2 (2) 
Eo = Eoo + Eel + Eo2 (3) 
To express the phase vectors in terms of the sequence vectors of 
the a phase alone, -we obtain 
Ea • Eao + Eal +Ea2 (4j 
% = Eao + a.aEal + aEa.2 (5) 
Bc = Eao + a.Eal + a.A'Ea2 ( 6) 
in which a is the unit vector, ejl20 = -0.5 + j0.866 
and 
a z is the unit vector, ej240 = -0.5 - j0.866 
Although these equations are -written in tenns of phase voltages, they 
apply equally well to phase currents. 
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Generating equipment produces voltages of only the positive sequence. 
It therefore follows that negative and zero-sequence voltages must be the 
result of·voltage drops produced by the sequence currents flowing through 
their respective sequence impedances. 
Kirchoff's first and second laws state that, where several circuits 
converge, the sum. of the currents in all the conductors equals zerOJ and 
that the sum of the voltage drops around a closed path must equal the 
e.m.fs • •  Application of these laws allows the following equations to be 
developed for the various types of faults. 
Three phase: 
Bingle line-to-ground fault. 
(phase a shorted) 
--. Il 
Fig. 7.--Impedanoe diagram for 
three phase fault 
Fig. B.--Impedance diagram for 
single line-to-ground fault 
Line-to-line fault. 
(Phases b and c shorted) 
I - E al - zl + z2 
(9) 
Double line-to-ground fault. 
(Phases b and c shorted to ground) 
Fig. 9.--Impedanoe diagram £or 
line-to-liDs fault 
The actual phase currents £or each type o£ fault can be obtained b,y 
substituting the above sequence currents in the general equations ( 4), 
14 
(5), and (6) . In determining the phase currents at other points than the 
actual point o£ fault, it is necessary to substitute in equations (4), 
(5), and (6) the actual sequence currents existing at the point in question. 
These sequence currents at various points can be obtained b,y multiplying 
the fault sequence currents b,y the oorre�ponding sequence distribution 
factors, which £actors can be determined £rom the sequence S,Ystem reductions. 
Current Decrements. 
A fact that makes short-circuit computation particularly difficult 
�8 that short-circuit currents, in most cases, rise to a maximum value 
within the first half c,ycle and then decrease in an exponential manner 
until they reach a steady state value as shown in Fig . 11. The time re-
quired for this steady state condition to be reached depends largely on 
s.ystem characteristics, but will usually take from four to seven seconds • 
.... 
-
II I I I II , I 
I 
l \ \ \ 
Fig . 11.--Short-circuit currents (asymmetrical ) 
(Contains d.c., subtransient, transient, and synchronous components) 
This decrease with time is due to the decrease of the induced direct our-
15 
rent component , and the fact that the effective positive sequence reactances 
of generators vary with time when the generators are subjected to sudden 
changes of their currents . 
The direct current component is sometimes called the equalizing cur-
rent . It is obvious that, although the voltage and power factor conditions 
might be such as to dictate a maximum current at the instant of fault, it 
'WOUld be impossible for the current to instantly increase to this maximum 
value because of the inductance of the circuit . A direct or equalizing 
current is , therefore, induced in each phase, the magnitude of which de­
pends upon the existing relations between the voltage, power factor and 
equivalent circuit impedance at the instant of short circuit. Thereafter 
16 
this direct current component decreases in an exponential manner at a 
rate proportional to the ratio of the resistance to the inductance �f the 
circuit. This phenomenon can be seen more clearly from Fig. 12 which 
assumes that the fault occurs at a point on the voltage wave corresponding 
to maximum current and that no subtransient nor transient components are 
present. 
n II\ II\ 
r"' �IJ J 1\ /I\ 1\ r1--.\ I \ l\ J 1\ 
,... I \ f � e.J_ l 1·\ 11 \ I + H- L 1 1 "' I \ I \ I \ I \ I -v w \I/ \ 7 \ I 
a f1 \f7c IV 'u w IJ w w 
a. b. 
Fig. 12.--As,y.mmetrical component of short-circuit currents 
(Curves include sustained and d.c. components only) 
Referring to Fig. 12a, assume that the fault occurs at t = 0. The 
distance o a represents the peak value of the alternating current component 
ViB 
z 
and the curve a b c is a normal sine curve of current. The dis-
tance o d, which is equal to o a, represents the magnitude of the induced 
d.c. component, and the curve d e f is the exponential curve of this com-
ponent. Fig. 12b shows the resulting curve obtained upon addition ot 
these two components. It will be noticed that the new curve starts with 
a current value of zero at t • 0, and rises to a magnitude not quite· double 
the value ot '12 E • The equation for such a curve is 
Z -tr 
i = Em sin (27Tf't +D<- r;) + Em sin ( oe- rJ )e "'L 
z T 
Z = Vr2 + (2wtl)2 = impedance of circuit 
(13) 
Em = ere st voltage • V2 E 
; • tan•l 2JTfl 
r 
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a£ = displacement between the voltage wave and the reference wave 
which passes through zero at t• 0 
f = frequency 
t = time (seconds) 
1 r =direct current time constant'= inductance/resistance= Ta 
the first term being that of' the sine curve or permanent condition, and 
the second that of' the exponential curve or direct current component. 
The effective or r. m.s. value of' such a curve can be expressed in terms 
of' the two components as 
Ief'f' • = Y lao 2 + Iao2 (14) 
Sudden changes in the magnitudes of generator armature currents in-
duce currents in the generator field structure. These induced currents 
set up magnetic fields which affect the flux linkages of the generator, 
which in turn affect the armature current. The effects of' such actions 
are apparent only in the positive-sequence system. To facilitate mathe-
matical computations, these effects are taken into account � consider­
ing that the effective generator reactance varies rather than the induced 
Voltage. This effective reactance can be expressed in the form of three 
•om.ponents; namely, the subtransient, transient, and synchronous reactances. 
These component reactances can, therefore, be used to oo.mpute the sub-
1-'ansient, transient, and synchronous components of current. 
r-T= r-�� 
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Fig. 13.--S,y.mmetrical components of short-circuit current. 
The synchronous (or sustained) component (Fig. 13) is that component of 
current which is finally attained as a sustained value during a prolonged 
short circuit. It is expressed mathematica.lly as � 'Whelfe Xd is the BYTJ.­
ohronous reactance which includes armature-leakage reactance and the re-
actance equivalent to armature reaction. 
The transient component (Fig. 13) is the deo&¥ing component of cur-
rent, the value of which can be obtained by subtracting the sustained com-
ponent from the envelope of the current wave when projected back to zero 
time, neglecting the first few cycles. This current decreases as an ex-
ponential function at a rate depending on the value of the transient open-
oircui t time constant. The initial instantaneous sum of the sustained 
18 
a.nd transient components is expressed as I' a: � 'Where E' is the transient 
X'd 
internal voltage E' and X'd is the transient reactance, which reactance 
includes the effect of both the armature and field flux leakages. 
The subtransient component (Fig. 13) has a very rapid decrement , 
19 
being of appreciable value for only three or four cycles in most cases. 
This component is the difference between the envelope of the transient 
current and the overall envelope of the fault current. The total initial 
fault current ( I" ) is expressed as � where E" is the subtransient 
internal voltage and Xd'' is the subtransient reactance. This subtransient 
component is present due to the fact that damper windings or similar cir­
cuits in machines by the action of their induced currents prevent the 
air gap flux from instantly decreasing. For perfect damper windings with 
no leakage flux, the subtransient reactance would equal the armature leak­
age reactance of the machine. Due to the leakage, Xd'' is somewhat higher 
in value than the armature leakage reactance. 
Synchronous, transient, and subtransient reactances have both direct 
axis and quadrature axis values. The direct axis values are denoted by 
the subscript (d ) and the quadrature axis values by the subscript (q). 
Since only the direct axis reactances are used for short-circuit calcula­
tions, the quadrature values are not discussed in this thesis. For infor­
mation on these quadrature values, references indicated in the bibliography 
should be consulted. 
In most cases the values of E, E11, and E' are almost equal. In fact, 
they would be exactly equal if the machine were not loaded at the time of 
short circuit. Their relative values under loaded conditions depend, as 
sho'W!l. in Fig. 14, on the ma.gni tude and power factor of the load. 
' I ', 90o/ 
, � -; ' ...; 
Fig . 14.--Relation between �chronous, transient, 
and subtra.nsient voltages. 
(Machine loaded at 80% P .  F.) 
Time Constants. 
The subtransient, transient, and direct current components dec&¥ 
in an exponential manner . The equation of such a curve is 
in 'Which 
-t 
It = leT (15) 
It • value of current at � time (t) 
I = initial value of current at t= 0 
T = time constant 
Thus the component decreases to 2:.. or 0 .368 of its initial value when 
e 
t = T. It is also evident that the greater the time constant T, the 
20 
greater will be the value of the component current after an interval ( t) 
of time. 
The direct current time constants (Ta) of �chronous machines 
frequently are less than 0.05 sec. In such cases this component is ap­
proximately l/3 its initial value after 0.05 second, and increases the 
r.m.s. value of short-circuit current less than 5% after 0.1 second. 
The value of this time constant is equal to 
in which 
Ta • X 
2nf'R 
(16 ) 
X= reactance of circuit (negative 
sequence reactance of generator ) 
R = resistance of circuit 
21 
The ratio of X varies considerably with the type of apparatus: rang-
2,. f'R 
ing fram 0.04 to 0.53 second for rotating machines. 0.026 to 0.133 second 
for transformers, and 0.0013 to 0.026 second for transmiision and distri-
bution lines. It follows, therefore, that the contribution of the d.c. 
component is negligible at 0.1 second for circuits in which the trans-
mission lines constitute an important portion of the impedance values. 
The subtransient current is maintained by currents flowing in daJDper 
or similar windings. In such circuits the ratio of inductance to re-
sistance is relatively low, giving small subtransient time constants 
(Td'' ) of the order of 0.10 second of less. Since, as shown in Fig.l2, 
the initial subtransient component constitutes only a small portion of 
the total current, its effect on the total r.m.s. current after 0.1 second 
is negligible. 
The transient component of current is produced by induced currents 
in the field "'llindings. The transient time constants of machines are 
UauaJ.ly expressed in terms of the open-circuit values. This transient 
open-circuit time constant (T'do) is the time constant of the exponen-
tia.l curve of armature vol ta.ge obta.ine d when the exoi ting vol ta.ge is 
suddenly removed from a synchronous machine operating a.t no load, the 
field circuit beili.g maintained. The tra.nsient short-eircui t time con-
stant (T' d) can be computed from the open-cireui t va.l ue by the following 
equationa 
in 'Which 
T'd �: X'd T'dO Xd 
X'd • transient rea.cta.nce 
(17) 
Xd = B,ynohronous rea.ota.nce 
For short circuits involving a.ppreoia.ble external rea.otanoe, the short-
circuit time constant � be obtained from the expression 
in which 
T'd = X'd + Xe T'do (18) 
Xd + Xe 
Xe • external reacta.noe 
Sta.n<iard Decrement Curves. 
The preceding discussion indicates that me.thematica.l computation 
22 
of short-circuit currents can become very involved when the current varia.-
tions with time are considered. To i'a.cili tate suoh computa.tions Sta.ndard 
Decrement Curves, Figs. 2 a.nd 3, ha.ve been constructed which are· appli-
oa.ble, with sufficient accura.cy for rela.y and circuit brea.ker information, 
to most eleotrioa.l systems if su fficient care is exercised in their use. 
!bese curves a.re based on oerta.in assumptions which represent typica.l 
opera.ting conditions and machine characteristics. 
The assumptions are: 
1. Generators are operating at rated voltage and rated load 
at 80% power factor immediately preceding the short circuit. 
2. No automatic voltage regulators are used. 
3. Actual system subjected to fault can be represented by a 
single equivalent generator of the same total rating and an 
external reaotanoe. 
4. Load is located at the machine terminals, and the machine re­
actance is 15 per cent unless the total system reactance is 
less than 15 per cent in which event all the reactance is 
assumed in the machine. 
5. Short circuit occurs on an unloaded feeder. 
6. Short circuit occurs at the point of the voltage wave which 
corresponds to the ma�um possible instantaneous current. 
7.  All resistances in the circuit including the fault resistance 
are negligible. 
8 .  All machine e .m.f s. are in phase. 
9 .  Machine reactances and time constants are representative of 
modern machines. Of particular importance is the relation 
be�en transient and subtransient reactance of' machines. 
(See Fig. 15) 
The relation between the direct axis subtransient and transient re­
'0tances is shown in Fig. 15. This relation is of importance because 
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Fig. 15:·-Relation between transient and subtransient reactances. 
sustained and transient components although the system reduction involves 
� � !?!_ only the s.ubtransient generator reactances. 
Another very important limitation of the decrement curves is that 
the fault is assumed to be located equidistant ( electrically) from all 
cenerators. In this case it is very important that the total connected 
!(nohronous capaci� � kilovolt-�peres be used as the base for the 
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per cent reactance rather than an arbitrary value. This is essential since 
the generators are assumed to.have a reactance of 15 per cent (unless the 
total reactance is less than 15 per cent) and the remainder of the re­
actance is assumed to be in external transmission lines. From the equation 
17 �iagner� c. F. and R. D. �Yans, Symmetrical Components p. 97, 
-.araw-Hill Book Co., Inc., New York, 1933. 
T'd = X'd + Xe T1do, it is evident that the greater the external re­
Xd. xe 
25 
actance, the greater will be the short-circuit time constant, and conse-
quently the greater will be the transient component of current after a 
given time. The fact that a per cent reactance can have any value whatever, 
depending on the k:v-a. base as sumed for the computations, clearly indicates 
the necessity of using the total connected k:v-a. as a basis. It is in-
teresting, however, to note that the assumed k:v-a. bas e does not appreciably 
affect the currents as obtained from the curves until after 0.10 second 
from the time of fault. This fact is true because the transient component 
does not decrease appreciably until after this interval of time has elapsed. 
It is of further interest to note that, as would be expected from the above 
equation, for time intervals in excess of 0.10 second, the fault currents 
obtained from the curves increase as the kv-a. base is increased. In 
fact, this increase varies from 22,% at 0.15 second to 110% at 3 seconds 
when the kv-a. base is changed lOOQ%. 
In cases where the fault current is fed from generators located 
asymmetrical �th respect to the fault location, approximate fault currents 
after 0.1 second can be computed by us� a kv-a. base equal to the sum 
of the kv-a. capacity of the generator bank electrically clos est to the 
fault plus the sum of the ratios of the reactance from the fault through 
this generator bank to the reactance from the fault through the other sys­
tem generators which deliver appreciable current to the fault, times the 
kv-a. capacity of the first bank. 
As an example, consider a fault at the �eler bus. Referring to 
the appendix, Fig. 17a. it is seen that the Wilson station is electrically 
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the closest to the fault. The capacity of this station is 230,000 lev-a. 
The reactance through Wilson is 20.3 per oent on 100,000 lev-a. base. 
From Fig. 5, it is evident that Wheeler, Norris, and Gorges also deliver 
appreciable current to the fault. The reactance through Wheeler is 6T,%, 
through Norris 102.2%, through Gorges 65%. Therefore, the lev-a. base to 
be used is 
230,000 + f20.3 + 20.3 + 20.3) 230,000 : 400,000 k:v-a. appro:.d.lately. 
\� 102.2 65 
For faults at Norris bus the lev-a. base is 112,000 + 629.� + 29.7 + 
39. 92.8 
29.7 + 29.7\ x 112,000 = 300,000 k:v-a. approximately, 
71':1 58.2 ) . 
in which 112,000 is the k:v-e.. at Norris, 29.7 is the % reactance through 
Norris, 139.5 is the % reactance through Wheeler, 92.8 is the % reactance 
through Wilson, 71.7 is the % reactance through Waterville, and 58.2 is 
the % reactance through Alcoa, all reactances being expressed on 100,000 
kv-a. basis. 
The procedure for use of the standard decrement curves is outlined 
on the curve sheets, Figs. 2 and 3. The ordinates are "times full load 
current." This full load current is equal to 
If 1 • kv-a. 
• • Ysxlev (19) 
If the per cent system reactance on the connected k:v-a. base is greater 
than 120%, currents can be obtained with sufficient accuracy for time 
btervals up to 0.12 second by reducing the k:v-a. base until the reactance 
is 120% on this arbitrary k:v-a. base. llhere intervals of time greater 
than 0.12 second are considered, an approximation 'Which would be on the 
•ate side would be to reduce the reactance as explained above but refer 
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on the curves to a slightly lo�r value of time than the actual value 
desired. The curves of Fig. 3 tor reactances above 30% tend to become 
parallel after 1. 5 seconds indicating that the kv-a.. base does not greatly 
affect the computed currents in this region. It is also important that 
corrections in time be made, as explained in Note 2 ot Figs. 2 and 3, for 
machines in which the transient open-oircui t time constant is other than 
five seconds. 
CHAPTER III 
APPLICATION OF RESULTS TO CIRCUIT BREAKER SELECTION 
General Breaker Information. 
Circuit breakers constitute probably the most important single item 
of electrical equipment exclusive of the fundamental items of generators 
and transformers. They are used in corresponding sizes for the control 
and protection of practically all motors, heaters, transformers, genera­
tors, transmission lines, etc.. There is probably no electrical device 
which requires greater care on the part of the designer in its selection 
and application, inasmuch as the dependability and safety of service 
that can be maintained depend upon its suitability to the imposed duty 
both from the standpoint of load carrying and of fault clearing capacities. 
Oil circuit breakers are used for all applications involving high 
voltages and high inter rupting ratings; the oil serving the dual purpose 
of providing insulation and providing a medium for removing the heat from 
the breaker contacts. Such breakers have standardized AIEE and NEMA 
ratings with respect to: 
1. The maximum voltage at which the breaker can be operated. 
2. The maximum continuous current with respect to a dei'ini te 
temperature rise. 
3. The time elapsed from the energizing of the trip coil with 
normal voltage until the circuit is interrupted at 25 per cent 
to 100 per cent of the interrupting rating. 
4. The maximum r.m.s. current which the breaker will carry for any 
time, however small, up to a time of one second. 
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5. The maximum r.m.s. current which the breaker will carry for 
five seconds. 
6. The ini;errupting ratings. 
These ratings are definad in detail by the N. E. M • .A. Sw.l. tchgear 
Standards, Rules SG6-15-30..34-36-40-86. 
29 
The voltage and continuous current ratings of breakers depend on the 
ratinga of the branch circuit in which they are to be placed. The mjnjmum 
time required tor opening the breaker is dependent only on maohanioal 
features in the breaker design. The one second and the five second cur-
rent rating• are dependent on system characteristics which control the 
magnitude of short-oirouit currents; whereas, the interrupting rating de­
pends upon both the system characteristics and the breaker qperating du�. 
While it is true that small series connected breakers are able to 
clear a fault almost instantly (within one cycle), the larger separately 
excited breakers are considered high-speed breakers if they have a minimum 
elearing time of eight cycles (0.133 second) from the time the trip coil 
is energized. Because of the importance of system stability which can be 
ebtained by the quick clearing of faults, high-speed breakers are used ex­
tensively in present day installations. Although the breakers themselves 
are high speed, they are sometimes energized from time delay rela¥S or 
interlocked by carrier pilot relaying to allow time for breakers on radial 
feeders to trip before the main system breakers are opened. From the 
Prnious discussion of current decrements, it is quite evident that suoh 
t J delays will greatly affect the il::l.terrupting rating required of the 
'i:ft&ker. 
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The interrupting rating of a breaker is e�ressed in kilovolt­
amperes and is defined by the N. E. M. A. as a rating based on the highest 
r.m.s. current at normal voltage that a breaker can interrupt under the 
specified duty a.ycle; the value of current being taken during the first 
half oycle of the arc between contacts during the opening stroke. The 
breakers are given an interruptiJJ.g rating on the basis of a standard duty 
oycle which consists of an open-close-open operation with a fifteen-second 
interval. For other duty cycles the standard rating is decreased by a 
percentage as indicated in the N. E. M. A. Rule SGG-85. The required inter-
rupting rating can be computed from either of the following formulas: 
• 
Interrupting rating (kv-a) = E x V3 x Is.c. (20) 
Interrupting rating (kv-a) = Normal system kv-a x 100 (21) 
� 
in whioh 
E = system line voltage 
Is.c. = short-circuit current as defined above 
%X = per oent reactance to point of fault (on normal kv-a. base) 
Examples of Computation of Circuit Breaker Ratings. 
Problema It is desired to locate a substation at the end of a 
154 kv. radial feeder which is to ha.ve a positive and 
negative sequence reactance of 6% and a zero sequence 
reactance of 10% on 100,000 kv-a. base. This feeder 
taps the Norris-Wheeler line at a point fifty miles 
from Yfueeler. What should be the circuit breaker rating 
if a high-speed breaker is to be used which is capable 
of opening in eight cycles (0.133 seoond)t 
Soluti on: In determining ciroui t bre aker ratings only the three major 
types of faults are con•idere d; namely , three phase , line-to-
line , and single phase-to-ground faults . Each of the se type s 
of faults i s  computed below. 
Three Phase Fault 
From Fig .  1, the reactance of the system to the fifty mile point i s  
20 .0% on 100 , 000 kv-a .  base . 
The total reaotanoe to fault i s ,  therefore, 
Xt = 20 + 5 • 25% on 100 , 000 kv-a .  base . 
Thi s reactance should be expre ssed on 400 , 000 rather than 100 , 000 
kv-a .  base as explained previously in the chapter "Theoretical Basis 
for Computations . "  
Xt • 2 5  x 400,000 = 100% on 400 000 kv-a .  base . 
100, 000 
, 
From Fig . 3, k ror 0 . 0083 se cond • 1 . 69 
From Fig .  2 ,  k for 0 . 1 33 se cond • 1 . 1  
Interrupting rating • 400, 000 x 1 . 1  = 440 , 000 kv-a .  
One second rating • 400 , 000 x 1 . 69 • 2520 amps .  
f3 X 164 
.1!!,-�-� Fault 
From Fi g .  1 ,  the reactance to fifty mile point i s  42% on 100 , 000 
kv-a .  base . 
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The total reactance to fault Xt • 42 + 5 + 5 • 52% on 100, 000 kv-a . base . 
Xt = 52 x 400 = 208% on 400 ,000 kv-a. base . 
100 
� s  reactance i s  too hi gh to use with curve s ,  re duce base unti l 
reactance i s  120% 
base = 400 ,000 x 120 _ 208 - 231 ,000 kv-a. 
From Fig. 3,  k for 0 .0083 second c 1 . 39 x f3 • 2 .41 
From Fig .  3, k for 0 .10 second • 0 .98 x '13 • 1 . 70 
(Note that 0 .10 second was used rather than 0.133 to compensate 
for lower kv-a . base required. See discussion under Standard 
Decrement Curves)  
Interrupting rating = 231 , 000 x 1 . 7  • 393,000 kv-a. 
One-second rating • 231,000 x 2 .41 • 2 ,080 amps .  
Vt X 154 
Single Line-to-Ground Fault. 
From Fig . 1, reactance to fifty mile point i s  93% on 100,000 kv-a.  
base . 
Total reactance to fault = 93 + 5 + 5 + 10 • 113% on 100,000 kv-a . 
base . 
From Fig. 3, k for 0.0083 second : 1 .47 x 3 • 4.42 
From Fig.  3, k for 0 .10 second = 1 .05 x 3 • 3.15 
(Note 0.10 second was used to compensate for lower kv-a.  base) 
Interrupting rating = 100, 000 x 3.15 = 315 ,000 kv-a. 
One-second rating = 100,000 x 4.42 = 1 , 660 amps .  
V3 X 154 
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The three phase fault necessitate s the maximum ratings .  A breaker would, 
tA-refore , be ordered to meet these three phase requirements for the 
Operating duty to 'Which it i s to be subjected. 
CHAPTER IV 
APPLICATION OF RESULTS TO BUS STRUCTURE DESIGN 
Mechanical Stre sse s .  
Ele ctrical currents are usually conducted between generator s ,  trans-
.former s ,  and oil circuit breaker s by means of bus-bar s o.f copper or alu-
minum. Due to power house and switchyard space l imitation s ,  such con-
du ctors are usually spaced relatively close together , making pos sible high 
stre s se s  between phases when the buse s are subje cted to shor t- circuit cur-
rents . Since such stre sses are set up before a circUl�. �eaker has time 
to clear the .fault, i� i s  neces sary that the bus struc� s be made suf­
fi ciently strong to withstand the maximum stre s se s to whi ch the structur e s  
might be subje cted. 
Computation of the short-circuit stre s se s  .for bus structure s involves 
consideration of the .following .factor s &  
1 .  The magnitude o.f the short-cir cuit current. 
2 .  The rate of current decrement. 
3. The magnetic force due to the current. 
4. The natural frequencie s o.f the bus-bar structure. 
5. The shape of the bus-bar s. 
6 .  The spacing o.f the bus-bar s. 
7. The length of -the spa.n. 
The e quation of the force per span i s  
F : 5 . 4  k I02 Lp 
107 s 
in llhich 
F • force per span ( lbs. ) 
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( 22 )  
34 
L = length of span (teet) 
S = center spacing between bus-bars (in . )  
I0 • initial value ot r .m.s . total short-circuit current for phase-
to-phase fault 
k = shape correction factor 
P : stress factor 
The shape correction factor (k) is readily obtained from curvesl that 
have been constructed in which the factor k is  expressed in terms of the 
spacing and physical dimensions of the bus-bars. This factor has a value 
of 1 for tubing and is generally between 0.9 and 1.1 for rectangular bars 
with 6" or greater spacing. 
The stress factor (p)  is the mo st difficult term in the equation to 
evaluate and , unfortunately, may vary through a considerable range (from 
1 to 6) . This stress factor is present in bus-bar computations because of 
the fact that the frequencies of the natural periods of vibration of bus-
bars are often approximately equal to the frequency of the fault current; 
thus producing cumulative stresses in the structure when sUbjected to 
ahort-circuit currents .  
Bus-bar s and their supports have been found by experiment to be flex­
ible and capable of being treated mathematically as having elastic proper­
ties. Experiments have also shown that the motion of the bus-bar span as 
'WI!Ill as the mgtion of the support itself shows two dominant natural fre­
quencie s of vibration which occur in combination in each of the two struc­
tural members 'When electromagnetic forces are suddenly applied . These 
l1EUA Switchgear Standards , p 20, Nati onal Ele ctri cal L!anufacturer s 
As sociation, New York, May, 1931. 
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natural frequencies may be determined by te!ft or by cal culation !'r om the 
mechanical constants of' the bus-bar and support. Since mathematical 
computations are very involve d and tests are not alway s feasible , 
tab le s  2 & 3 have been prepared wbi oh give the stre s s  factor directly 
for various bus de signs . 
The lateral stre sse s , as determined from the above formula ,  will in 
turn create longitudinal stre sses in the supports due to the fact that, 
as the bus-bars deflect , their effe ctive span become s shorter , tending 
to pull the supports inward from e ach end. The magnitude of' such stre sse s 
i s  ne gligible for hea'VY bus-bar installati ons in llhi ch the deflection i s  
not appreciable , but may be come quite signiti ce.nt ..mere light bus-bars 
are used . The following formula expre sse s the relations that exi st. 
F' (F' + B ) 2 • CP2 
B = 0 . 296 E I C 
t2 
( 2 3 )  
( 24) 
C = 0 . 37 L S A E 
( 2 5 ) AE • l2LS 
in which 
2 .  
F '  = longitudinal stre ss ( lb s . ) f'or condition of' 2 spans 
I = moment of' inertia of bus-bar in direction of' f orce 
C = number of laminations in bus-bar 
E = modulus of elasti ci� • 1 7 . 2  x 106 for copper 
L • length of span (ft . )  
NEMA: Switchgear Standard s , p 1 8 ,  National Electr i cal Uanui'a cturer s 
Associati on ,  New York, May, 1931 . 
3 •  KoGraw-Hill Book Co . ,  Standard Handbook for Ele c .  Engrs . ,  Sec .  1 2 ,  
P 364, Sixth Edition, l933. 
A :  total cross-sectional area (sq.  in. )  
S = support stiffne ss ( lb .  per sq. in:) 
For designs involving more than 2 spans, the following constants 
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(q) should be multiplied by F '  to determine the total longitudinal stre ss 
for each condition. 
TABLE !�--LONGITUDINAL STRESS FACTORS 
Values of q for different numbers of spans 







2 2 . 5  
The total bending load on the bus support will be 
8 
2 . 5  
10 
2 .75 
a .  For end insulator where P is  applied per�ndioular to axi s 
of insula tor 
( 26) 
for next to end support 
b .  For end insulator if P i s  applied parallel to axi s or 
insulator 
R1 : qF + PB 
--r 
( 28 )  
for next to end support 
in which 
R2 = ( q  - 0.8)F + PB ( 29 )  
T 
B = ultimate insulator cantilever load 
at center-line of bus-bar 
ineers, 
T • ultimate insulator tensile strength 
The fiber stre s se s of the bus-bar shoul d not be above the elastic 
limit for the material use d. The se stre s se s  can be computed from the 
following formulae . 
a .  For flat buses 
b .  For tubular buse s  
i n  whi ch 
t = lo PLD 
o4 - d4 
t • fiber stre s s  ( lb . per sq. in. ) 
L = length of span (ft . ) 
P = lateral stre s s  ( lb . ) 
( 30) 
( 31)  
a • bus-bar dimension �allel t o  for ce P (inche s ) 
b = bus-bar dimension perpendicular to force P (inche s) 
D • out si de diameter ( inche s ) 
d • inside diameter ( inche s ) 
The elasti c limit for copper i s  from 12,000 to 15 ,000 lb . per sq. 
in . ,  but the working stre s s  shoul d be taken at a lower value . 
Methods of Stre s s  Limitation. 
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Bus-bar short- circuit stre s ses can be r e duce d  by the following means :  
a .  Reduction of magnitude of short- cir cuit currents . 
b .  Increas ing spacing betw&en conductor s .  
c .  Sele cting bus-bar de signs for which the stre s s  factor s are low. 
However, it may often be de sirable to de sign the structure for 
a somewhat higher value o£ later�l stress  than the minimum in 
order to avoi d excessively high longitudinal stre s se s .  
d. Clamping bus-bars at the aupports (to avoid slapping) rather 
than loosely guiding them. 
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e .  Placing rigid supports at tap oonneotions to avoid heavy stre sses 
due to the "ki ck" of the tap connection during short circuits . 
f .  Avoid extra long spans for buses in  whi ch the bars are face-to­
face , since the longitudinal stresses increase rapidly with the 
length of span for flexible buses .  
g .  Providing uniform current distribution among the laminations of 
each phase by suitable transpositions. In buses whose lamina­
tions are not transposed, the proximity effect tends to increase 
the stresses .  
Example o£ Stre ss Computation.  
Problem& Four equal spans each four feet long consisting of one 4 in. 
b,y 1/4 in. copper bar placed face-to-face with re spect to ad­
jacent phase s and supported edge-on on 15,000 volt moderate 
duty porcelain insulators are to carry the current from the 
secondary o£ a 154 to 1 3 . 8  kv, 25,000 kv-a . transformer bank 
to the distribution circuit breakers at the substation located 
as described in the example s in Chapter III, "Application of 
Results to Circuit Breaker Selection." IVhat are the short­
circuit stres se s i£ the buses are to be placed 6" apart? 
Solution: From the example under " Circuit Breaker Selection" the per 
cent reactance to the substation for a phase-to-phase fault is 
X :  52% 
The reactance of the transformers on 100 , 000 kv-a. base i s  
X c 9 X 100,000 • 36% 
2 5 , 000 
The total reactance to fault • 52 + 72 = 124% 
The initial fault current • 3 x 100,000 x 100 • l3. 8  xvt" x 124 
10 ,  100 Amp s • Asymmetl-i cal 
from NEMA SWitchgear Standards, P •  18 and p .  20 
k = 0 . 9 7  
p = 1 . 5  
The lateral force i s  then, from equation 22 
2 F : 5 .4 k I0 Lp 
1o'l · s 
F = 5 •4 x 0.97 � {�0,too)2 x 4 x 1 . 5 c 5 3 • 7 lb . her 
101 x 8 
1:' support 
The 1ongi tudina1 stre ss i s ,  from equation 23 
F ' (F' + B)2 : cp2 
B = 0 . 296 E I o 
L2 
0 = 1 
L :  4 
E = 1 7 . 2  X 106 
I : # • fr X (t)3 = 1 
m 
B : 0 . 296 X 1 7 . 2  X 106 X 1 X 1 • 1660 
42 192 
C = 0 . 37LSAE 
AE + 12 LS 
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Then 
s • 9,100 
A = 4 x 1... = 1 sq. in . 
4 
C : 0.37  X 4 X 9,100 X 1 X 17.2  X 106 : 13,200 
17 .2  X 106 + 12 X 4 X 9,100 
F' (F' + 1660)2 : 13, 200 (53 .7)2 
F' : 13.5 lb . 
The longitudinal stre ss on the end insulator for four spans i s  
F : q F' 
From Table I:  q = 2 
F • 2 X 13.5 • 27 lb . 
The total stre ss on the end insul ator i s  then, b,y formula 26 
Rl • '{q2Ft 2 + p2 
Rl 1: V22 1 72 + (53 .7)2 
R1 • 63.5 lb s .  
The fiber stre s s  in the bus-bar i s  then, by formula 30 
t • 9 PL 
a2 b 
t : 9 X 53e7  X 4 
(t)2 X 4 
t = 7 . 740 lb s .  per sq. in. 
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Note : The se stre s s e s  are low due to the low shor t-circuit current. If 
thi s current had been 20, 000 ampere s instead of 10,000 ampere s ,  the 
lateral stre s s  would have been four time s as great (214 lb . ) and the lon-
gi tudinal stre s s  would have been approximately thir teen time s as great 
or 360 lb s .  whi ch would have ne ce s sitate d a change in the bus de sign due 
to exce s sive f iber stre s se s .  
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APPENDIX 
Computation Procedure . 
The first step ne cessary in making thi s short-circuit study was to 
set up certain as sumptions which would make a mathematical solution 
feasible and yet would not impair the ac curacy of the work. The se assump­
tions have been outlined and included in thi s thesis under "Results of 
Study ."  Particular note should be made of' the fact that an inter connec­
tion was assumed between Arlington and Norri s through a 50 ,000 k:v-a. 
auto-transformer bank. 
With these as sumptions in mind, the next step was to set up the 
interconnected system of thi s area in terms of the constants required 
by thi s method of' solution . The impedance diagrams (Figs. l6a and l6b ) 
were used as a basi s for setting up the po sitive , negative , and zero se­
quence systems . Since Fig.  l6a include s only transmis sion line and trans­
former constants , it was nece ssary to complete the sequence systems by 
use of' information from other source s .  Thi s information i s  tabulated in 
Tab les II and III . Table II contains the nece ssary information on gene­
rator s and synchronous condensers .  From this table the various lump 
plant constants were obtained by paralleling the constants of the machines 
in that station and expre ssing the final reactance as a percentage on 
100,000 kv-a . base . Tab le III was used to obtain the zero sequence 
transformer constants and also to supplement the available information 
in Figs .  16a and l6b on the other sequence s .  With thi s information, the 
sequence systems were set up as shown on Figs . l7a, l 7b,  and 18 . 
The ensuing work consisted of the slow, tedious proce ss  of' reducing 
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the various systems . This reduction was accomplished by the so-called 
" star-delta" method of simplifying circuits which consi sts of replacing 
a star connection by an equivalent delta, or the conver se , in order 
that the various reactance s may be rearranged for parallel and series 
combination .  The object of thi s reduction was , of course ,  t o  obtain an 
ultimate single equivalent reactance to the point of fault which re­
actance could be used with the decrement curves .  The equations for 
such reductions are as follows: 
1 
3 2 
Al • B2 B3 
B1 + B2 + B,a 
A2 • ·� Bl 
Bl + B2 + B3 
Bl B2 
"-3 = ---­
Bl + B2 .+ B3 
1 
3 2 
Bl • A2 + A3 + 
� A3 
.A.l 
B2 : A3 + A1 + � �  
� 
Reduction of the sequence systems to various points i s  indicated 
in Fig.  19 . The se reductions should be of value for short-circuit 
studies 'When future additions to the present system are made . 
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1 TABLE IIa. --SYSTEl GENERATOR DATA 
1io . Reao-oea open& 
Plant Units Kv-a Volts Speed �·· Trans. Sub- Neg. Zero Time 
traM:•!· Sei• Onat. 
Wilson · 4 32 , 500 12,000 100 115 36. 5  22.0  44.4 17 .3  5 . 25 
Wil son 4 25,000 12, 000 100 102 31 . 1  31 . 1  46. 5  19 . 3  3.66 
Norris 2 56 , 000 13, 800 ll2.5 110 40.0 24.0 26.0 23.0 6.44 
'Wheeler 2 36,000 13, 800 85.7 110 42. 9  38. 7  51 .8  18 . 8  5.44 
Martin 3 37,500 12,000 120 100 35 .0 2 3.0 39.0 5.00 
Up•Tallassee 2 19,000 6, 900 80 108 37.0  24 .0 40 . 0  3.5 
Thurlow 1 10, 000 13, 800 180 101 33.0 33. 0  45 .0 3.5 
Thurlow 2 29 , 000 13, 800 100 108 40.0  36. 1  51.4 5 .41 
Mitchell 3 20 , 000 6 ,600 100 100 36. 0  2 3.0 39 .0 4.0 
Jordan 4 29, 000 12 ,000 100 108 35 . 1  35 . 1  50 . 5  4 . 78 
Lay 6 1 3, 500 6, 600 100 74 30 .0 30. 0  37 .9  2 . 79 
Fairfield 2 25,000 13, 800 lSX) 101 18.0 13.0 13.0 5 . 50 
Gorges 1 25,000 13, 200 1800 103 18.0 10 . 2  9 . 7  4 .5  
Gorges 1 33, 333 1 3, 200 1000 130 2 3.0 17.0 17.0 6.0 
Gorges 1 25,000 13, 200 1000 107 20 .0 14.0 14.0 5 . 5  
Gorges 1 66, 667 13, 800 1800 108 16.0 12 .0 12 .0  7 .5  
:eertletb3 Ferry 2 18,750 12 , 000 150 118 35 . 3  35 . 3  51 . 2  4.88 
artlst:ts Ferry 1 18, 750 12,000 150 113 37. 0  24.0 40 .0 4.00 
Goat Rock 2 3, 750 12 ,000 225 60 24 . 8  24. 8  31 . 6  
Atkinson 1 66, 667 1 3, 800 1000 108 16.0 1 2 .0 12.0 7.5 
Terrors. 2 10,000 6, 600 200 118. 27 . 6  2 7 . 6  43. 7 3 .82 
Yonah 3 8, 333 6, 600 la3.6 104 30. 0  30.0 42 .0  3.0 
Burton 2 3,400 6, 600 225 102 32 . 2  32 . 2  44.0  3.0 
Nacuoohee 2 3,000 6 ,600 400 115 29 .0  29 .0 45 .0 3.0 
Tallulah 6 12,000 6 , 600 514 75.0 17 .0  17 .0  29 .0  s .o 
Tugalo 4 12, 500 6' 600 171.4 130 36.0 36 .0 51 .0  4.0  
Parksville 1 8,125 2 , 300 1800 93 14.0 10 .0 10.0 4.0 
Parksville 1 8 , 125 2, 300 1800 91 14.0 10 .0 lO .G 4.0 
Ocoee :/1:1 6 4, 500 2 , 300 360 90 24.8 24. 8  38. 1  4.45 
Ocoee :/12 2 11 , 250 6, 600 360 66 13.0 13.0 24.0 4.0 
Blue Ridge 1 25,000 12 , 500 �5 114 40 .6 40 . 6  57.4 8.0 
Hales Bar 1 25,000 6, 600 1800 105 20 .0 14.0 14. 0  5 . 5  
Hales Bar 9 3, 750 6 ,600 l.l.2.5 80 35.0 22 .0 36.0 3.0 
Hales Bar 2 3,133 6, 600 ll.2.5 50 22 .0 14.0 22.0 3.0 
Hales Bar 4 4, 250 6, 600 100 94 36.0 36. 0  50 .0 3.0 
.Hales Bar 1 25 ,000 6, 600 1800 103 20.0 14.0 14.0  5 . 5  
1. Jackson and Moreland Engineers, "Report on the TVA System Stability", 
Boston , Mass. , 1933. 
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No. Reactance s Open Ck. 
Plant l.hi'b:J Kv-a Volts Speed Syn. �. Sub- Neg .  Zero Time 
Traas . Seq. Seq. en st. 
Nashville 1 15, 625 1 3 , 200 1 800 110 21 . 0  15.0 15 . 0  5 .0 
Nashville 1 3,000 2 , 300 720 60 1 8 . 0  14 . 0  2 5 . 0  2 .0 
Nashville 1 3 , 000 2 , 300 720 58 1 8 . 0  14 . 0  2 5 . 0  2 . 0 
Nashvi lle 1 8 ,1 2 5  2 , 300 1800 76 1 3 . 0  9 . 0  9 . 0  4.0 
Nashville 1 3,000 2 , 300 600 44 16 .0 1 2 . 0  20.0 2 .0 
Nashville 1 2 3 , 600 14, 000 1800 120 23.0 1 3 . 0  1 2 . 6  4 . 9 7  
Waterville 3 45 ,000 1 3 , 200 400 lD7.3 27 . 5  14.1 15 .8 18.4 
Elk lb:mtain 1 2 , 500 6 , 600 3600 6 . 5  
:me Ml.m'tain l 6 , 2 50 6 , 600 3600 6 .0 
Elk M:w:tain 1 7 , 500 6 , 600 3600 1 3 . 0  
Washington 1 10 ,000 1 3 , 200 900 40 .0 
TABLE !lb.--SYSTEM SYNCHRONOUS CONDENSERS 
No. iieaotaiioea 
Plant Units Kv-a. Volts Speed Syn. Trans . Sub Neg. 
\ Tr� Seq. 
;a j • 
Gadsden 1 5 , 000 2 , 300 720 168 30 .0 1 7 . 0  1 7 .0 
East Point 1 20 , 000 1 1 , 000 720 170 45 . 0  20 . 0  1 9 . 0  
West Nashville l 15 , 000 14, 000 900 175 40 . 0  24 . 0  30 .0 
.Allni ston 1 1 5 , 000 6 , 900 900 147 2 8 . 0  1 7 . 6  16 . 8  
Huntsville 1 7 , 500 6 , 600 720 1 36 33.4 22 .4 21 . 3  
Leeds l 12 , 500 1 3 , 200 720 113 25 . 5  1 7 . 1  16 . 5  
Lindale 1 1 5 , 000 1 1 ,000 720 140 30 . 6  21 . 2  19 . 4  
Carter St. l 7 , 500 12 , 000 720 148 35 . 6  24. 6  23 . 3  
Ridgedale 1 7 , 500 1 2 , 000 720 148 35 . 6  24. 6 2 3 . 3  
TABLE III a.�-- SYSTID GROUNDING POINTS 
Ala.ba.ma PoV�er Oom.pany--110 K\T. Sy_stem 
. 
Station Grounded Ba.nk Grounded Transformers Kv-a.. Rating 
Re sistance Kilovolts 
Be ssemer #1 •110 - 44• 30, 000 
•110 - 6 . 6  Delta · 16 , 000 
* 44 - 6 . 6  Delta 15, 000 
:/#. Same a.s #1 
Gadsden 0.1  ohm. #1 *110 - 46Y 30 , 000 
• 110 - 13.2  Delta. 15 , 000 
Y 46 - 18 . 2  Delta. 15, 000 
Gorges Auto Trans. •154 - 110* 60, 000 
•154 - 12 Delta. 60, 000 
•110 - 12 Delta. 60, 000 
#1,�,:/1:3 •110 - 13 .2  Delta. 20, 000 
4/4 •115 - 46• 40 , 000 
•115 - 13.2  Delta. 70 ,000 
* 46 - 13 .2  Delta. 40 ,000 
#5 * 44 - 13.2 Delta. 20, 000 
Huntsville 0 .4 ohm . #1 •110 - 44* 13, 500 
•110 - 6.6 Delta 7, 500 
* 44 - 6 . 6  Delta. 7, 500 
Jordan Da.m #l ,:Jie •115 - 11 .4 Delta. 60,000 
Lq Dam 0 . 2  O.hmo fl. * 44 - 6 . 6  Delta. 9,000 
=fie, #3,#5 •110 - 6 . 6  Delta. 13,500 
:/1=4,:/#3 YllO - 6 .6  Delta. 13,500 
Martin Da.m 0.  5 olun. #1 •123 - 12 Delta. 42 , 000 
f#-,1/=3 Yl23 - 12 Delta. 42 , 000 
MitclBl.l nm #1,=/#. ,#3 •110 - 6 . 6  Delta 22 , 500 
Pinckard 1 .0 olun. •110 - 46• 10, 000 
•110 - 6 . 6  Delta. 7,500 
• 46 - 6 . 6  Delta. 7, 500 
Ta.lla.s see •115 - 46* 20, 000 
•115 - 6 . 6  Delta. 40, 000 
* 46 - 6 .6  Delta. 20 , 000 
�urlow Dam •115 - 13.2 Delta. 70 ,000 
West Point 1 . 1  olm!.. •110 - 13 .2  Delta. 13,500 
* indicates Y connected tran sformer with neutral solidly grounded. 
Y indicate s Y connected transformer with neutral isola. ted .  
Where n o  ground resistance i s  sho'Wn it may be con sidered a.s 
0 . 5  ohm or le ss . 
2 .  Jackson and Moreland Engineers, "Report on TVA System Sta.bilitf", 
Boston, Ma.s s ., 1933 . 
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TABLE IIIb.--SYSTEM GROUNDING POINTS 
Georgia Power Compa.ny--110 KV. System 
Trans . Bank Ground Resistanoe 
Station Kv-a. Ohms 







20,000** 6 .5  
15,000*** 1 .0 
1o,oool_ 








4s ,ooof.(2 banks) 
25,ooo;t 
Notes : . 0 . 5  ohms for ground resistance unless specified 
* Auto Bank 110/66 KV .  star connected 
Tertiary Delta connected capaci� of primary and 
secondary windings 10 ,000 kv-a. 
Tertiary 2, 000 kv-a. 
** Auto Bank 110/66 star connected 
Tertiary Delta connected primary and secon� 
windings 30,000 kv-a . 
Tertiar,y 20,000 kv-a. supplies condenser. 
*** Auto Bank 110/66 KV . star oonne �ted 
Tertiary Delta connected primary and test 
windings 15,000 kv-a • .  
Secondary 10,000 kv-a 
I Low side connected Delta. 
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TABLE IIIo .--SYSTEM GROUNDING POINTS 
Tenne ssee Electric Power Campany--110 and 154 KV .  System 
Station 
Centerville 
Ground Number ot 
Re sistance Grounded Banks Bank Kv-a. 
1 .01 ohm. 1-3 y1 7 , 500 
West Nashvilla 0 . 5  ohm. 1 45, 000 
&nth Nashulls 0.9  ohm.. 2 10, 500 ea . 
Great Falls 0 . 2  ohm.. 1-3 y1 10, 000 
Hales Bar 0.25 ohm. 1-110 KV. 40, 000 
0 . 25 ohm. 1-3 y1 on 
44 KV Bus 25,000 
Val deau 0 . 25 ohm. 1 40 ,000 
Ridgedale 0 . 15 ohm. 2 30 , 000 
15,000 
Ocoee /1 0 . 13 ohm. 1-3 y1 on 
110 KV Bus 7 , 500 
Ocoee #2 5 . 5  ohm. 2-3 ,  9 ,375 ea. 
5 .5  ohm. 1-3 "I on 
66 KV Side 8 , 500 
Alc oa 0 . 9  ohm.. 1 25,000 
Arlington 0 . 62 ohm. 2 7, 500 
Lenoir City 0 . 22 ohm. 2 7, 500 
Remarks 
Ygnd .-Delta 
Auto Trans . 
Ygnd .-Del ta 
Ygnd . -Y 
Steam Plant 
Low Side Delta 
Low Side Delta 
Low Side Delta 
Low Side Delta 
Low Side Delta 
Low Side Y 
(Ungrounded) 
Low Side Delta 
Low Side Delta 
Auto Trans . 
Auto Trans . 
Auto Trans . 
49 
Wil son 0 . 5  4 65, 000 Resistance assumed 
TABLE IIId.--SYSTE11 GROUNDING POINTS 
T .P. S .  and Carolina P .  and L .  Company--Interconnection Transformers 
Bank No. ot Kv-a. Voltage Reaota.noe 
Station Desig- Phase s  3J Ratin' Ratio Connection % on own 
natioa. (ea.ba.nk Kv-a. base . 
Waterville /1 ,:/#.,:/J!J 1 45, 000 115-13. 2  Y� -�lta. 8 . 54 
Elkbbntain 60KV. 3 7, 500 61 .1-11 . 9  !Slta.-Ygnd. 6 . 74 
-
. .  -
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Zero Seqvenc-=- R �dt. ' 
Norris r=- f!O. t:' - ...... 
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Fig. 19 
